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Introduction
by roots of Lolium perenne exposed to mixtures of these metals in pot experiments. In 129 the experiments, the plants were grown on the soil directly taken from the field, rather 130 than spiking soil with metal salts. The concentration of dissolved organic carbon 131 (0.01M CaCl 2 extraction) in soil varied from 8 to 16 mg/L. Further information on the 132 data sets, e.g., pH and exposure duration, is given in Table 1 . 133
Bioaccumulation modelling 134
In the present study, WHAM VII was used for modelling metal accumulation in 135 plant roots (Tipping, 1994; Tipping et al., 2011) . In WHAM, metal sorption to humic 136 substances is simulated by using a structured formulation of discrete, chemically-137 Table 2 ). The ratio between the root fresh weight and the root dry 219 weight varies from two to 14 (Sadeghipour and Aghaei, 2013; Khan and Khan, 1996) . 220
Consequently, a ratio of eight was used to calculate the HA-equivalent site density of 221 cowpea roots on a dry weight basis, resulting in a value of 0.027 g/g DW. Generally, 222 total Mn concentrations in the roots calculated with the modelled value of E HA were 223 within one order of magnitude of measured concentrations, except at the lowest 224 exposure level ( Fig. 2; Table 3 ), where Mn binding to the roots was underestimated. 225
The variations in modelled Mn concentrations in cowpea roots were larger than the 226 variations in measurements (Fig. 2) . 227
Computed metal binding to HA in binary mixtures of Cd, Cu, Ni, and Zn with Ca 228 was significantly correlated with the total concentration of these metals in roots of pea 229 P. sativum L. measured by Wu (2007) , giving an optimal E HA value of 0.044 g/g DW 230 (n = 360; p < 0.0001; r 2 = 0.54; Fig. 3 ). For all these metals, total concentrations in 231 pea roots modelled were generally within one order of magnitude of the 232 measurements ( Fig. 4 ; Table 3 ). At the narrow range of Ca concentrations in exposure 233 solutions (0 -2 mM), differences of less than one order of magnitude were found 234 between the estimates and the measurements of Ca concentrations in roots of P. 235 sativum ( Fig. 4 ; Table 3 ). The largest deviations between modelled and measured 236 concentrations were observed for Cu, especially for lower accumulated concentrations 237 (< 10 -5 mol/g DW) (Fig. 4) . For Zn, the deviations between the measurements and the 238 calculations by the WHAM-HA model increased with decreasing root concentrations, 239 similar to the observation for Mn accumulation in V. unguiculata roots (Fig. 4) . The 240 potential of the WHAM-HA model to explain variations in metal accumulation in 241 roots of P. sativum was metal-specific (Table 3) (Table  249 3). However, the strength of the correlation was metal-specific. Significant and strong 250 relationships were found between metal binding to HA computed and internalized 251 metal concentrations measured in roots of L. perenne for Cd (n = 10; p < 0.00001; r Table 3 ). The internalized concentration of Cu was overestimated, 259 deviating from the measurements by more than one order of magnitude (Fig. 6) . 260
Discussion 261
The results of the present study indicate that the approach of using WHAM-262 
